Introduction
============

Definitive adjudication of Alzheimer's disease is reserved for post-mortem neuropathology based on the presence of neurofibrillary tangles composed of aggregated microtubule associated tau protein, and amyloid-β plaques ([@awz378-B29]). Pathology studies indicate these pathological features follow distinct ordered patterns wherein the spatial extent and maturity/structure of the proteins vary regionally and chronologically ([@awz378-B43]; [@awz378-B5]). *In vivo* Alzheimer's disease biomarkers for pathological tau and amyloid-β are important for understanding disease mechanisms, disease chronology, and enabling accurate diagnosis of Alzheimer's disease during life. Much of the current research is directed towards detecting and defining Alzheimer's disease during the preclinical period of disease (i.e. 'preclinical Alzheimer's disease') wherein overt clinical symptoms are not yet manifest, but pathophysiological changes are occurring ([@awz378-B28]; [@awz378-B40]; [@awz378-B12]). The focus on preclinical Alzheimer's disease is due in part to the repeated observation in biomarker and neuropathology studies that the preclinical period exists and can be protracted, potentially lasting two decades, and is warranted because of the failure of clinical treatment trials to show efficacy in modifying cognitive outcomes in dementia patients ([@awz378-B46]).

Neuroimaging biomarkers allow spatiotemporal characterization of pathological amyloid-β and tau during life. The importance of biomarkers in Alzheimer's disease research and characterization of the Alzheimer's disease continuum is reflected in the previous ([@awz378-B40]) and current research frameworks published by the National Institute on Aging and the Alzheimer's Association (NIA-AA) ([@awz378-B15]). Recent prospective and retrospective neuroimaging studies have demonstrated an interactive effect of amyloid-β plaques and neurofibrillary tangles on longitudinal cognitive decline in cognitively unimpaired persons ([@awz378-B2]; [@awz378-B23]; [@awz378-B41]), whereas other cross-sectional and longitudinal studies did not observe this interaction, and suggested main effects of tangles and plaques on cognition ([@awz378-B39]; [@awz378-B26]). These important studies were largely conducted in older adults that are likely to have comorbid contributions to cognitive decline due to their age ([@awz378-B47]), and could have a survivor bias due to the age cognitively unimpaired inclusion criteria were applied ([@awz378-B44]; [@awz378-B51]). There is a need to investigate the associations between amyloid-β, neurofibrillary tangles and cognition in younger individuals. In addition, these studies used flortaucipir (i.e. T807, AV-1451) for tau PET imaging, which is known to exhibit age-associated off-target binding in the brain ([@awz378-B13]; [@awz378-B7]) with mechanisms and the spatial extent of non-tau flortaucipir binding yet to be fully characterized *in vivo* ([@awz378-B48]). ^18^F-MK-6240 ([@awz378-B14]) is a PET ligand for imaging neurofibrillary tangles *in vivo* that has shown favourable imaging characteristics and spatial distributions consistent with neuropathological staging of Alzheimer's disease neurofibrillary tangles in preliminary studies ([@awz378-B4]; [@awz378-B25]; [@awz378-B31]). Studies evaluating MK-6240 in humans indicated high affinity to neurofibrillary tangles in Alzheimer's disease, minimal off-target binding in the brain, and the presence of extra-axial signal in some cases. Clinical studies using MK-6240, particularly in preclinical and prodromal disease, are needed to assess the utility of this tracer for detecting neurofibrillary tangles, associations with other Alzheimer's disease biomarkers and cognition, and to reproduce flortaucipir findings in similarly designed studies.

The primary goal of this study was to investigate potential differences in retrospective cognitive trajectories of ^11^C-Pittsburgh compound B (PiB) and ^18^F-MK-6240 PET stratified biomarker groups in a late middle-aged cohort of initially cognitively unimpaired subjects \[The Wisconsin Registry for Alzheimer's Prevention; WRAP ([@awz378-B19])\]. Secondarily, analyses were conducted to ascertain the relationships between age, MK-6240 and PiB in this mostly healthy preclinical sample.

Materials and methods
=====================

Participants
------------

Study participants for this analysis were from the WRAP ([@awz378-B19]), an ongoing longitudinal observational study designed to identify the earliest changes in preclinical Alzheimer's disease consisting of 1561 (∼1100 currently active) initially non-demented, middle-aged (mean enrolment age 54 years) individuals enriched with parental history of Alzheimer's disease (73% enrichment). WRAP participants undergo comprehensive medical, neuropsychological and lifestyle evaluations and questionnaires biennially, which have been previously described ([@awz378-B19]). A subset of 167 WRAP participants were included in this study if they underwent one or more cognitive assessments, were clinically unimpaired (i.e. did not have mild cognitive impairment or dementia diagnoses; see below) at their first available cognitive composite assessment, and completed MK-6240, PiB and T~1~-weighted MRI scans. MRI data were reviewed by a neuroradiologist (H.A.R.) prior to PET imaging and individuals with evidence of major structural lesions or other incidental findings that could affect PET imaging were excluded. Prior to PET enrolment all participants were screened for major neurological or psychological disorders. As MK-6240 only recently became available, this imaging visit was the temporal anchoring point for analyses (i.e. PiB and MRI imaging data closest to the MK-6240 scan were selected for analysis; PiB 0.23 ± 0.35 years before MK-6240; MRI 0.23 ± 0.46 years before MK-6240; all PiB and MRI scans within 2 years of MK-6240 scan). Only retrospective cognitive assessments relative to MK-6240 imaging were included in this analysis (i.e. no cognitive data post-MK-6240 were included).

Participants' written consent was obtained prior to study procedures according to the Declaration of Helsinki. This study was approved and conducted under the University of Wisconsin-Madison Institutional Review Board, and the Federal Drug Administration Investigational New Drug mechanism for PET imaging studies. No serious study related adverse events were reported for administration of PiB or MK-6240.

Neuropsychological assessment
-----------------------------

As part of WRAP, participants complete a neuropsychological battery at their first visit, 2 or 4 years later for their second visit, and approximately every 2 years thereafter ([@awz378-B19]). The primary cognitive outcome for analyses was a cognitive composite based on work by Donohue and colleagues ([@awz378-B11]; [@awz378-B30]; [@awz378-B20]). This composite (three-test preclinical Alzheimer's cognitive composite: PACC-3) ([@awz378-B20]) is computed by standardizing and then averaging three summary scores that include tests of memory and executive function: Rey Auditory Verbal Learning Test ([@awz378-B38]), sum of learning trials; Wechsler Memory Scale-Revised, Logical Memory II Delayed Recall ([@awz378-B50]); and Wechsler Adult Intelligence Scale-Revised, Digit Symbol ([@awz378-B49]).

Cognitive status determination
------------------------------

Participants received a research diagnosis after each visit as described previously ([@awz378-B19]). Briefly, research diagnoses were made by a team of clinicians (physician dementia specialists, nurse practitioners, and neuropsychologists) blind to biomarker data (e.g. PET or CSF data). Those who met criteria for impairment reflecting a change from a prior normal level of function were assigned a research diagnosis of mild cognitive impairment when applicable (no participants in this analysis received a dementia diagnosis at the time of PET or prior) ([@awz378-B1]; [@awz378-B28]). All other participants were cognitively unimpaired.

Structural and molecular neuroimaging
-------------------------------------

All participants underwent PET (Siemens EXACT HR+) and MRI (3 T GE Signa 750) imaging procedures at the University of Wisconsin-Madison Waisman Center Brain Imaging Lab. PET radiopharmaceuticals were synthesized and administered under the Federal Drug Administration Investigational New Drug mechanism. Detailed imaging methods including radiopharmaceutical production, acquisition protocols, and image reconstruction, processing and quantification of PiB and MK-6240 PET data (SPM12 and MATLAB) have been previously described ([@awz378-B18]; [@awz378-B4]).

T~1~-weighted MRIs were bias corrected, tissue class segmented and spatially normalized to MNI152 standard space (SPM12; [www.fil.ion.ucl.ac.uk/spm](http://www.fil.ion.ucl.ac.uk/spm)). Hippocampal volume was estimated using FSL FIRST and normalized by total intracranial volume (sum of grey matter, white matter, and CSF volumes from SPM segmentation). A measure of global atrophy was calculated as the ratio of CSF volume to the sum of the grey matter and white matter tissue volumes. Regions of interest for the PET analysis were generated by inverse warping MNI152 template regions of interest \[Harvard-Oxford ([@awz378-B10]) and Automated Anatomical Labeling ([@awz378-B45])\] to subject space and restricting to grey matter probabilities \>0.3. PET reference region masks were generated by smoothing bilateral binary regions of interest with a 6 mm Gaussian kernel (to simulate PET spatial resolution) and keeping voxels \>0.7.

The PiB scan most proximal to the MK-6240 scan was used for this analysis. PiB distribution volume ratio (DVR) was estimated from a 70-min dynamic acquisition using reference Logan graphical analysis (t\* = 35 min, k~2~ = 0.149 min^−1^, cerebellum grey matter reference region). A global cortical DVR average was calculated ([@awz378-B42]) for continuous analyses and used to dichotomize individuals as amyloid positive or negative (A+/−) using a previously defined global DVR threshold of \>1.19 ([@awz378-B35]).

^18^F-MK-6240 standard uptake value ratios (SUVRs) were calculated from a 20-min dynamic acquisition (4 × 5-min frames) beginning 70 min after bolus injection using the inferior cerebellum grey matter as previously described ([@awz378-B4]). Elevated tau status (T+/−) for the primary analysis was established by setting the MK-6240 SUVR positivity threshold at 2 standard deviations (SD) above the mean of the A− group in the entorhinal cortex (entorhinal MK-6240 SUVR \> 1.27). The entorhinal cortex was chosen for the primary analysis due to it being the first region involved in pathological staging of neurofibrillary tangles ([@awz378-B6]) and to investigate the potential for MK-6240 in this region to detect early tangle pathophysiology in preclinical Alzheimer's disease. Partial volume correction was not performed because of a lack of observed atrophy and a lack of association between region of interest volume and MK-6240 SUVR in the entorhinal cortex and hippocampus ([Supplementary material](#sup1){ref-type="supplementary-material"}, section 1).

Statistical methods
-------------------

Four biomarker groups were established (A−T−, A−T+, A+T−, and A+T+) based on combinations of PET-based biomarker positivity. Dichotomous measures were used instead of continuous measures to test these relationships in the context of the NIA-AA research framework and because of power limitations related to model selection (continuous model would require a 3-way interaction), potential non-linear relationships between continuous measures of tau, amyloid and cognitive decline, and to reduce the influence of extreme points in the data. Participants' cognitive trajectories were modelled using linear mixed-effects models including subject-specific random intercepts and age-related slopes that were allowed to correlate. The predictors of interest were biomarker group and its interaction with age (i.e. time) to investigate whether retrospective, longitudinal cognitive trajectories differed between biomarker groups. Covariates included sex, Wide Range Achievement Test-III Reading standard score ([@awz378-B52]) (a proxy for educational quality) and the number of prior exposures to the battery. Following a significant interaction, pairwise differences in simple PACC-3 age slopes between the four groups were assessed using Tukey-adjusted *post hoc* tests. Sensitivity analyses of the main model were performed to investigate the influence of the T+/− threshold (0.5, 1.0, and 1.5 SD above the mean MK-6240 SUVR in A− cases) and using the hippocampus for defining elevated tau ([Supplementary material](#sup1){ref-type="supplementary-material"}). Differences between biomarker group demographics and exploratory follow-up analyses comparing cognitive and health characteristics were assessed using tests appropriate for the distribution of each variable and included ANOVA, analysis of covariance (ANCOVA), Kruskal-Wallis, χ^2^ or Fisher's exact test. All significance tests were two-tailed. Unadjusted *post hoc* pairwise comparisons were reported if the group test was significant (*P \<* 0.05). Analyses were conducted in MATLAB v2016a and 2018a (The Mathworks, Inc., Natick, MA) and R v3.5.3 ([@awz378-B24]; [@awz378-B33]; [@awz378-B34]).

Voxelwise associations between MK-6240 SUVR, global PiB DVR, and age were investigated using SPM12. Parametric MK-6240 SUVR images coregistered to T~1~ MRI were non-linearly transformed to MNI152 space using the transformation defined from T~1~ MRI segmentation and isotropically smoothed using an 8 mm Gaussian kernel. Voxelwise outcomes were corrected for familywise error using random field theory at an adjusted alpha of 0.05. For region of interest analyses, volume-weighted mean SUVR was calculated for composite regions representing Braak I--VI neurofibrillary tangle stages (Braak I: entorhinal cortex; Braak II: hippocampus; Braak III: temporal portion of fusiform gyrus; Braak IV: inferior and middle temporal gyri and insular cortex; Braak V: superior temporal, angular, supramarginal, and middle frontal gyri, planum temporale and the occipital portion of the fusiform gyrus; Braak VI: Heschl's gyrus and intracalcarine cortex) ([@awz378-B5]) and additional exploratory neurofibrillary tangle targets (amygdala, posterior cingulate, precuneus, and lingual gyrus) and previously reported off-target binding regions for flortaucipir ([@awz378-B13]; [@awz378-B7]) (caudate and putamen). The regions used to generate Braak composite regions were selected by matching Harvard-Oxford atlas regions of interest to slices and regions described in the work of [@awz378-B5]. Region of interest-level analyses investigated associations between MK-6240 SUVR, global PiB DVR and age by reporting the proportion of MK-6240 SUVR variance explained by both age and global PiB DVR (Pearson coefficient of determination, $R_{\text{Age},\text{PiB}}^{2}$) and the partial Pearson correlations between MK-6240 SUVR and age (![](awz378ilf1.jpg)~Age~) partialling out PiB and between MK-6240 SUVR and global PiB DVR (![](awz378ilf1.jpg)~PiB~) partialling out age. These outcomes are analogous to linear regression models with global PiB DVR and age predicting MK-6240 SUVR. Unadjusted Pearson correlations between MK-6240 and age (*r*~Age~) are also reported for comparisons to other tau imaging studies. To investigate potential MK-6240 SUVR-age association in amyloid negative cases (i.e. primary age-related tauopathy) further, Pearson correlations between age and MK-6240 SUVR were investigated using only amyloid-negative cases (*n =* 129, age range 50--80 years, mean ± SD = 66.7 ± 6.4 years).

Data availability
-----------------

Data from the WRAP and ADRC cohorts can be requested through an online submission process.

Results
=======

Demographic features
--------------------

Demographic features of the study sample, including age, duration of retrospective follow-up and time between cognitive assessments and imaging procedures are provided in [Table 1](#awz378-T1){ref-type="table"} with the MK-6240, PiB and MRI-based atrophy measures shown in [Table 2](#awz378-T2){ref-type="table"}. Group mean parametric images and quadrant analysis of entorhinal MK-6240 SUVR and global PiB DVR showing positivity thresholds are displayed in [Fig. 1](#awz378-F1){ref-type="fig"}. At the time of PET scans, 74% (*n =* 124) were classified as A−T−, 3% (*n =* 5) as A−T+, 14% (*n =* 23) as A+T−, and 9% (*n =* 15) as A+T+. Participants were 67.5 ± 6.2 (mean ± SD) years old at the time of their MK-6240 scan, with PiB and MRI scans generally within 2 months (mean ± SD = 1.5 ± 4.2 months for PiB, *P =* 0.52; 2.8 ± 0.2 months for MRI, *P =* 0.97) of the MK-6240 scan. The average age at the cognitive assessment most proximal to PET imaging was 66.7 ± 6.3 years, with significant group differences (*P =* 0.02) observed between the A−T− and A+T− groups. Retrospective cognitive assessments spanned 7.8 ± 2.1 years (median of five assessments) with the most recent cognitive assessment occurring ∼8 months prior to the MK-6240 scan. Significant group differences were not observed for sex, race, parental history of dementia or Wide Range Achievement Test-III Reading standard score. Significant group differences (*P \<* 0.001) were observed for *APOE* ε4. *Post hoc* pairwise comparisons indicated the frequency of both the presence of *APOE* ε4 and homozygous carriers differed by group, such that each was highest for the A+T+ group, followed by the A+T− group and then A−T− and A−T+ groups. Eight participants received a diagnosis of mild cognitive impairment during the study. Of these, two reverted to cognitively unimpaired after mild cognitive impairment status at a single time point (both A−T− and reverting after their second cognitive assessment), one (A+T−) was diagnosed with mild cognitive impairment consistently over the last four cognitive assessments spanning 7.7 years, and the remaining subjects (one A−T−, four A+T+) were considered to have mild cognitive impairment only at their most recent cognitive assessment, which was the assessment most proximal to PET imaging.

###### 

Demographics of study sample

  Participant demographics                                                                   **1. A−T− (*n* = 124; 74%)** [^a^](#tblfn3){ref-type="table-fn"}   2\. A−T+ (*n* = 5; 3%)   **3. A+T− (*n* = 23; 14%)** [^a^](#tblfn3){ref-type="table-fn"}   4\. A+T+ (*n* = 15; 9%)     Group test *P*-value       Pairwise differences     Total (*n* = 167)
  ----------------------------------------------------------------------------------------- ------------------------------------------------------------------ ------------------------ ----------------------------------------------------------------- ------------------------- -------------------------- -------------------------- -------------------
  **Ages and timing of cognitive assessments**                                                                                                                                                                                                                                                                                            
  Age at most recent cognitive assessment, year                                                                         65.7 ± 6.4                                    72.0 ± 6.0                                   69.3 ± 4.9                                    69.9 ± 4.5                   0.001                    1 versus 3             66.7 ± 6.3
  Age at first cognitive assessment with PACC-3, years[^a^](#tblfn3){ref-type="table-fn"}                               58.2 ± 6.2                                    63.2 ± 6.7                                   60.7 ± 4.7                                    62.0 ± 4.4                    0.02                        \-                 59.0 ± 6.0
  Years of retrospective assessments, years[^a^](#tblfn3){ref-type="table-fn"}                                          7.6 ± 2.1                                     8.8 ± 2.9                                     8.7 ± 1.7                                     7.9 ± 2.3                    0.10                        \-                  7.8 ± 2.1
  Number of retrospective assessments[^a^](#tblfn3){ref-type="table-fn"}, median \[IQR\]                                5 \[5, 6\]                                  6 \[5.75, 6\]                                  6 \[5, 6\]                                    5 \[5, 6\]                    0.04                        \-                 5 \[5, 6\]
  **Time between most recent cognitive assessment and imaging procedures**                                                                                                                                                                                                                                                                
  Years PiB, recent cognitive                                                                                           0.6 ± 0.9                                     1.0 ± 1.4                                     0.7 ± 0.9                                     0.6 ± 0.7                    0.82                        \-                  0.7 ± 0.9
  Years MK-6240, recent cognitive                                                                                       0.8 ± 0.9                                     1.0 ± 1.4                                     0.8 ± 1.1                                     0.7 ± 0.7                    0.96                        \-                  0.8 ± 0.9
  Years MRI, recent cognitive                                                                                           0.6 ± 0.9                                     0.7 ± 1.4                                     0.7 ± 0.9                                     0.6 ± 0.7                    0.95                        \-                  0.6 ± 0.9
  **Participant demographics**                                                                                                                                                                                                                                                                                                            
  Female, % (*n*)                                                                                                       67.7 (84)                                      100 (5)                                      60.9 (14)                                     80.0 (12)                    0.27                        \-                 68.9 (115)
  Non-Caucasian, % (*n*)                                                                                                 8.1 (10)                                      0.0 (0)                                       4.3 (1)                                       0.0 (0)                     0.57                        \-                  6.8 (11)
  Family history of dementia, % (*n*)                                                                                   70.2 (87)                                     100.0 (5)                                     69.6 (16)                                     93.3 (14)                    0.13                        \-                 73.1 (122)
  WRAT-III reading score, median \[IQR\]                                                                             109 \[103, 115\]                              104 \[99, 115\]                              111 \[106, 115\]                              109 \[105, 113\]                 0.73                        \-              110 \[103, 114\]
  *APOE ε4* carriers, % (*n*)                                                                                           33.3 (41)                                      20.0 (1)                                     65.2 (15)                                     86.7 (13)                  \<0.001            3 versus 1; 4 versus 1,2       42.5 (70)
  Number of *APOE-ε4* alleles, % (*n*)                                                                                                                                                                                                                                                                                                    
      Non-carriers                                                                                                      66.7 (82)                                      80.0 (4)                                     36.4 (8)                                      13.3 (2)                   \<0.001            3 versus 1; 4 versus 1,2       58.2 (96)
      Heterozygous                                                                                                      31.7 (39)                                      20.0 (1)                                     54.5 (12)                                     66.7 (10)          3 versus 1; 4 versus 1,2          37.6 (62)          
      Homozygous                                                                                                         1.6 (2)                                       0.0 (0)                                       9.1 (2)                                      20.0 (3)           3 versus 1; 4 versus 1,2           4.2 (7)           

Unless noted otherwise reported values represent the mean and standard deviation with group difference tested by analysis of variance. For group tests with *P* \< 0.05, unadjusted pairwise *post hoc* differences are reported. Ordinal variables reported as median \[IQR\] were tested by Kruskal-Wallis for group differences. Categorical variables reported as % (*n*) of each category within each group and were tested by χ^2^ for group differences. A+/− and T+/− represent amyloid-β and tau tangle positivity groups ascertained by ^11^C-PiB and ^18^F-MK-6240 PET, respectively. 'Most recent cognitive' assessment refers to the cognitive assessment temporally proximal to imaging procedures.

IQR = interquartile range; WRAT-III = Wide Range Achievement Test -- third edition.

Two participants (one A−T−, one A+T−) had only one cognitive assessment that was temporally proximal to imaging and therefore were not included in cross-sectional group statistics for variables with retrospective visits.

###### 

Summary and group comparisons of Alzheimer's disease biomarkers

  Alzheimer's disease biomarkers         1\. A−T− (*n* = 124)   2\. A−T+ (*n* = 5)   3\. A+T− (*n* = 23)   4\. A+T+ (*n* = 15)   Group test *P*-value        Pairwise differences        Total (*n* = 167)
  ------------------------------------- ---------------------- -------------------- --------------------- --------------------- ---------------------- -------------------------------- -------------------
  Hippocampal volume, % ICV                  0.54 ± 0.06           0.50 ± 0.05           0.52 ± 0.04           0.50 ± 0.04               0.03                     1 versus 4                0.53 ± 0.06
  Global atrophy (CSF / brain volume)        0.34 ± 0.08           0.34 ± 0.06           0.36 ± 0.07           0.40 ± 0.06               0.08                         \-                    0.35 ± 0.08
  PiB global DVR                              1.05 ± 0.5           1.08 ± 0.04           1.38 ± 0.15           1.65 ± 0.20              ≪0.001           3 versus 1,2 4 versus 1,2,3        1.15 ± 0.21
  MK-6240 SUVR (70--90 min)                                                                                                                                                             
      Braak I                                0.98 ± 0.12           1.36 ± 0.07           1.01 ± 0.14           1.79 ± 0.34              ≪0.001          2 versus 1,3,4; 4 versus 1,2,3      1.07 ± 0.28
      Braak II                               0.87 ± 0.12            1.02 ± 0.6           0.87 ± 0.11           1.43 ± 0.25              ≪0.001                  4 versus 1,2,3              0.92 ± 0.21
      Braak III                              1.09 ± 0.11           1.24 ± 0.11           1.12 ± 0.15           1.73 ± 0.58              ≪0.001                  4 versus 1,2,3              1.16 ± 0.27
      Braak IV                               1.03 ± 0.11           1.04 ± 0.08           1.06 ± 0.13           1.72 ± 0.71              ≪0.001                  4 versus 1,2,3              1.10 ± 0.30
      Braak V                                1.03 ± 0.11           1.03 ± 0.10           1.05 ± 0.10           1.58 ± 0.56              ≪0.001                  4 versus 1,2,3              1.09 ± 0.25
      Braak VI                               0.98 ± 0.10           0.98 ± 0.06           1.01 ± 0.09           1.17 ± 0.22              ≪0.001                  4 versus 1,2,3              1.00 ± 0.13

Results are reported as mean ± standard deviation with ANOVA tests for group comparisons. For group tests with *P* \< 0.05, unadjusted pairwise *post hoc* differences are reported. Braak I through VI labels represent composite regions corresponding to Braak neurofibrillary tangle stages.

ICV = intracranial volume.

![**Parametric MK-6240 and PiB images, and biomarker group stratification.** Mean parametric MK-6240 SUVR (**A**, *left*) and PiB DVR (**A**, *right*) images for each biomarker group. Individuals that were A−T+ only had elevated MK-6240 SUVR in the entorhinal cortex, whereas the A+T+ group had elevated MK-6240 SUVR extending into the greater neocortex including regions associated with Braak neurofibrillary tangle stages I--IV. Individuals that were A+T− had lower PiB DVR throughout the cortex and subcortex compared to the A+T+ group. Quadrant plots indicating the observed relationship between global PiB DVR and MK-6240 SUVR in the entorhinal cortex are shown in B with positivity thresholds for each tracer indicated with dashed lines. Individuals generally required sufficient levels of global PiB to show elevated MK-6240 in the entorhinal cortex, suggesting detectable changes in PiB precede detectable changes in entorhinal MK-6240 in most cases. Individuals with mild cognitive impairment at PET (triangles) were more likely to be in the A+T+ group than any other group.](awz378f1){#awz378-F1}

At the time of MK-6240, hippocampal volume adjusted for intracerebral volume (*P =* 0.03), but not global atrophy (*P =* 0.08), differed between the groups with *post hoc* comparisons indicating the A+T+ group had smaller hippocampi than the A−T− group ([Table 2](#awz378-T2){ref-type="table"}). By design, PET binding measures were significantly different between groups (*P \<* 0.001). *Post hoc* comparisons of global PiB DVR indicated the A+T+ group differed from all other groups (A+T+ \> than other groups) and the A+T− group differed from the A− groups (A+T− \> A− groups). For entorhinal cortex (i.e. Braak I), MK-6240 SUVR differed between the A+T+ and all other groups (A+T+ \> other groups), and between the A−T+ group and the T− groups (A−T+ \> T− groups). For Braak II--VI neurofibrillary tangle composite regions, MK-6240 SUVR was significantly different between the A+T+ group and all other groups (A+T+ \> other groups).

Biomarkers and longitudinal retrospective cognition
---------------------------------------------------

Potential differences in retrospective cognitive trajectories between PiB and MK-6240 stratified biomarker groups were investigated by plotting longitudinal PACC-3 performance versus age stratified by biomarker groups ([Fig. 2](#awz378-F2){ref-type="fig"}A) and by linear mixed effects regression ([Table 3](#awz378-T3){ref-type="table"}). The mixed effects model indicated a significant group × age effect (i.e. PACC-3 trajectories differed over time between biomarker groups; [Table 3](#awz378-T3){ref-type="table"}). Tukey adjusted pairwise comparisons indicated that the A+T+ group had significantly different retrospective PACC-3 trajectories compared to all other groups, but that the other groups did not differ from one another. Comparison of the simple age-related PACC-3 slopes suggested the A+T+ group declined approximately three times faster than all other groups during the retrospective observation period, which is depicted in the plots of the simple PACC-3 age slopes for each biomarker group ([Fig. 2](#awz378-F2){ref-type="fig"}B). Model diagnostics of the primary model suggested no significant departures of the residuals from normality. Plots of individual participants' longitudinal PACC-3 performance (i.e. spaghetti plots) organized by biomarker group indicated that this group-level pattern of decline in the A+T+ group was visually apparent within individuals and existed several years prior to PET imaging and mild cognitive impairment diagnosis. These main findings were consistent using lower entorhinal cortex thresholds and using the hippocampus with various thresholds to define elevated tau status ([Supplementary material](#sup1){ref-type="supplementary-material"}, sections 2 and 3).

###### 

Model statistics for primary analysis

  Primary model statistics                                                                                       
  ---------------------------------------------- ----------------- --------------------------------------------- ----------
  **Covariates**                                                                                                 
  Intercept                                            −3.44                       −4.60, −2.29                     0.42
  Female                                               0.45                         0.25, 0.64                    \<0.0001
  WRAT III                                             0.03                         0.02, 0.04                    \<0.0001
  Practice                                             0.07                         0.03, 0.10                     0.0020
  **Predictors of interest**                                                                                     
  Age                                                  −0.03                       −0.05, −0.02                   \<0.0001
  Group                                                                                                             0.24
      Group 2                                          −0.14                        −0.74, 0.46                  
      Group 3                                          0.22                         −0.06, 0.50                  
      Group 4                                          0.39                         0.04, 0.74                   
  Age × Group                                                                                                     \<0.0001
      Age × Group 2                                    −0.01                        −0.05, 0.03                  
      Age × Group 3                                    −0.01                        −0.03, 0.01                  
      Age × Group 4                                    −0.11                       −0.13, −0.08                  
                                                                                                                 
  **Age × Group details Simple PACC-3 slopes**                                                                   
                                                                                                                 
  **Group**                                         **β (SE)**                      **95% CI**                   
                                                                                                                 
  Group 1: A−T−                                   −0.032 (0.008)                  −0.047, −0.017                 
  Group 2: A−T+                                   −0.041 (0.021)                  −0.082, −0.0001                
  Group 3: A+T−                                   −0.041 (0.012)                  −0.064, −0.017                 
  Group 4: A+T+                                   −0.140 (0.015)                  −0.168, −0.111                 
                                                                                                                 
  **Group contrasts between PACC-3 slopes**                                                                      
                                                                                                                 
  **Contrast**                                      **β (SE)**      ***P*** [^a^](#tblfn8){ref-type="table-fn"}  
                                                                                                                 
  A−T− minus A−T+                                  0.009 (0.020)                       0.97                      
  A−T− minus A+T−                                  0.009 (0.011)                       0.83                      
  A−T− minus A+T+                                  0.108 (0.014)                     \<0.0001                    
  A−T+ minus A+T−                                 −0.0001 (0.022)                      1.00                      
  A−T+ minus A+T+                                  0.099 (0.024)                      0.0002                     
  A+T− minus A+T+                                  0.099 (0.016)                     \<0.0001                    

Model statistics for primary analysis linear mixed effects model investigating the association between biomarker groups and retrospective cognition (i.e. PACC-3). Parameter estimates, 95% confidence intervals (CI) and *P*-values are shown for the main model covariates, age, group and the interaction of group × age (*top half* of table) with the A−T− group (i.e. group 1) as the contrast group. The significant group × age effect indicates group level differences in longitudinal retrospective PACC-3 trajectories. A breakdown of the details of the group × age interaction shows the estimate, standard error (SE) and 95% CI of the simple PACC-3 slopes for each biomarker group, and the Tukey adjusted *post hoc* comparisons of biomarker group slopes (*bottom half* of table).

WRAT-III = Wide Range Achievement Test -- third edition.

Tukey-adjusted significance for family of four.

![**Observed and group-modelled cognitive performance by biomarker group.** Observed longitudinal PACC-3 performance organized by biomarker groups (**A**). Triangles indicate individuals with mild cognitive impairment at their cognitive assessment most proximal to PET imaging. Individuals who had elevated global PiB DVR and entorhinal MK-6240 SUVR (*top right*) had more precipitous decline in scores over time several years prior to mild cognitive impairment diagnosis and prior to imaging. The difference in rates of cognitive decline between biomarker groups was characterized using linear mixed effects analysis (model outcomes given in [Table 3](#awz378-T3){ref-type="table"}). Panel **B** shows the group-level modelled PACC-3 simple slopes and confidence levels over the range of ages present in each group, with the individual observed PACC-3 performance displayed in the background (points). Results of the linear mixed effects model indicated a significant group × age interaction. Tukey-adjusted pairwise comparisons indicated that the A+T+ group (orange in plots) declined approximately three times faster on average during the retrospective observation period compared to all other groups.](awz378f2){#awz378-F2}

*Post hoc* analyses examining the individual untransformed scores that comprise the PACC-3 (i.e. Rey Auditory Verbal Learning Test, sum of learning trials; Wechsler Memory Scale-Revised, Logical Memory II Delayed Recall; and Wechsler Adult Intelligence Scale-Revised, Digit Symbol) gave similar results to the primary analysis with generally smaller *P*-values compared to the PACC-3 model (data not shown).

Biomarkers and cross-sectional cognition and health
---------------------------------------------------

At the beginning of the retrospective study period (i.e. study entry), there were no group differences in PACC-3, individual tests that comprise the PACC-3, the Mini-Mental Status Examination, the Informant Questionnaire on Cognitive Decline in the Elderly ([@awz378-B21]), self-reported memory problems or self-reported memory rating ([Table 4](#awz378-T4){ref-type="table"}, top). The median Center on Epidemiologic Studies Depression Scale score ([@awz378-B36]) was 5 at the beginning and 4 at the end of study (i.e. the study sample was not depressed on average) with group differences observed at study entry, but not at the assessment most proximal to imaging. At the end of the retrospective period, group differences were observed for PACC-3 and two of its components (Rey Auditory Verbal Learning Test, sum of learning trials; Wechsler Memory Scale-Revised, Logical Memory II Delayed Recall), Mini-Mental Status Examination, self-reported memory rating, and the frequency of mild cognitive impairment diagnosis, but not for Digit Symbol from the Wechsler Adult Intelligence Scale-Revised, the Informant Questionnaire on Cognitive Decline in the Elderly, the Center on Epidemiologic Studies Depression Scale, or self-reported memory problems ([Table 4](#awz378-T4){ref-type="table"}, bottom).

###### 

Group comparisons of cognitive outcomes at the beginning and end of the study period

  Cognitive assessment                                                1\. A−T− (*n =* 124)^a^   2\. A−T+ (*n =* 5)    3\. A+T− (*n =* 23)^a^   4\. A+T+ (*n =* 15)    Group test *P*-value   Pairwise differences    Total (*n* = 167)
  ------------------------------------------------------------------ ------------------------- --------------------- ------------------------ ---------------------- ---------------------- ---------------------- ---------------------
  **Cognitive assessment at study entry**                                                                                                                                                                          
  Age at First PACC-3, years                                                  58 ± 6                  63 ± 7                  61 ± 5                  62 ± 4                  0.02                    \-                  59 ± 6
  CES-D, median \[IQR\]                                                    5 \[2, 8.75\]         4 \[2.25, 7.75\]           2 \[0, 4\]            5 \[2, 6.75\]               0.02                    \-                4 \[2, 8\]
  PACC-3 (95% CI)                                                       0.07 (−0.04, 0.17)      −0.09 (−0.61, 0.43)     0.31 (0.06, 0.56)       0.08 (−0.22, 0.38)            0.30                    \-                    \-
  PACC-3 Components (Covariates: sex, WRAT-III and age)                                                                                                                                                            
      RAVLT Total (95% CI)                                               50.5 (49.2, 51.8)       49.0 (42.5, 55.4)      51.7 (48.7, 54.8)       49.7 (46.0, 53.4)             0.80                    \-                    \-
      WMS-R LM DR (95% CI)                                               26.5 (25.4, 27.6)       25.1 (19.5, 30.7)      28.3 (25.7, 31.0)       27.2 (24.0, 30.4)             0.59                    \-                    \-
      WAIS-R Digit Symbol (95% CI)                                       57.7 (56.1, 59.2)       56.7 (49.1, 64.3)      61.3 (57.7, 64.9)       58.1 (53.7, 62.5)             0.34                    \-                    \-
  MMSE, median \[IQR\]                                                     30 \[29, 30\]           29 \[28, 30\]          30 \[29, 30\]           29 \[29, 30\]               0.38                    \-               30 \[29,30\]
  Mild Cognitive Impairment %                                                    0                       0                      0                       0                      \-                     \-                     0
  IQCODE, median \[IQR\]                                               48 (10 na) \[48, 48\]    48 \[47.75, 50.25\]    48 (4 na) \[48, 49\]    48 (1 na) \[48, 48\]           0.84                    \-               48 \[48, 48\]
  Self-reported memory problem % (*n*)                                                                                                                                        0.29                                 
      Yes                                                                    25.2 (31)               20.0 (1)                18.2 (4)                26.7 (4)                                         \-                 24.2 (40)
      No                                                                     50.4 (62)               40.0 (2)               77.3 (17)                53.3 (8)                  \-                 53.9 (89)        
      Don't know                                                             24.4 (30)               40.0 (2)                4.5 (1)                 20.0 (3)                  \-                 21.8 (36)        
  Memory Self Rating, median \[IQR\]                                        5 \[4, 6\]             4 \[3, 5.5\]             5 \[5, 6\]              5 \[4, 5\]                0.38                    \-                5 \[4, 6\]
  **Most recent cognitive assessment (i.e. most proximal to PET)**                                                                                                                                                 
  Age at most recent cognitive assessment, years                            65.7 ± 6.4              72.0 ± 6.0              69.3 ± 4.9              69.9 ± 4.5               0.001                1 versus 3            66.7 ± 6.3
  CES-D median \[IQR\]                                                   4 (1 na) \[1, 8\]       2 \[0.75, 5.75\]         3 \[1.25, 7\]         8 (2 na) \[1, 12\]            0.44                    \-             4 (3 na) \[1, 8\]
  PACC-3 (95% CI)                                                       0.02 (−0.10, 0.14)      −0.23 (−0.83, 0.37)     0.16 (−0.11, 0.44)     −0.82 (−1.16, −0.47)         \<0.001              4 versus 1,3               \-
  PACC-3 Components (Covariate: sex, WRAT-III, age, practice)                                                                                                                                                      
      RAVLT Total (95% CI)                                               51.8 (50.4, 53.2)       49.1 (42.1, 56.1)      53.4 (50.1, 56.7)       43.6 (39.6, 47.6)            0.001               4 versus 1,3               \-
      WMS-R LM DR (95% CI)                                              27.0\* (25.8, 28.2)      24.0 (18.2, 29.8)      27.9 (25.2, 30.6)       20.4 (17.1, 23.7)            0.002               4 versus 1,3               \-
      WAIS-R Digit Symbol (95% CI)                                       54.0 (52.3, 55.6)       53.9 (45.5, 62.3)      55.0 (51.1, 58.9)       47.6 (42.8, 52.4)             0.08                    \-                    \-
  MMSE, median \[IQR\]                                                     30 \[29, 30\]           30 \[29, 30\]          30 \[29, 30\]          29 \[27, 29.75\]             0.02                4 versus 1           30 \[29, 30\]
  Mild cognitive impairment %(n)                                              0.8 (1)                 0.0 (0)                4.3 (1)                 26.7 (4)               \<0.001              4 versus 1,3             3.6 (6)
  IQCODE, median \[IQR\]                                               48 (4 na) \[48, 49\]       48 \[48, 48.5\]     48 (3 na) \[48, 49.5\]      48 \[48, 51\]               0.76                    \-            48 (7 na) \[48,49\]
  Self-reported memory problem % (*n*)                                                                                                                                        0.60                                 
      Yes                                                                    17.8 (22)               40.0 (2)                26.1 (6)                26.7 (4)                                         \-                 20.4 (34)
      No                                                                     59.7 (74)               60.0 (3)               60.9 (14)                46.7 (7)                  \-                 58.7 (98)        
      Don't know                                                             22.6 (28)                0.0 (0)                13.0 (3)                26.7 (4)                  \-                 21.0 (35)        
  Memory self rating, median \[IQR\]                                        5 \[4, 6\]             5 \[3, 6.25\]          5 \[5, 5.75\]           4 \[3, 5.75\]               0.04                1 versus 4            5 \[4, 6\]

Comparisons of cognitive assessment metrics between biomarker groups at the beginning of the retrospective study period (*top half*) and at the most recent assessment most proximal to imaging studies (*bottom half*). Unless noted otherwise reported values represent the mean ± SD with group differences tested by analysis of variance. For group tests with *P* \< 0.05, unadjusted pairwise *post hoc* differences are reported. Ordinal variables are reported as median \[IQR\] with group differences tested by Kruskal-Wallis. Categorical variables are reported as % (*n*) of each category within each group and were tested for group differences by χ^2^. The PACC-3 and tests that comprise the PACC-3 were tested for group difference by analysis of covariance adjusted for age, sex, and Wide Range Achievement Test-III, (also number of exposures to PACC-3 battery for most recent assessment) and are reported as the adjusted mean (95% CI). A+/− and T+/− represent amyloid-β and tau tangles positivity groups ascertained by ^11^C-PiB and ^18^F-MK-6240 PET, respectively. CESD-D = Center on Epidemiologic Studies Depression Scale; IQCODE = Informant Questionnaire on Cognitive Decline in the Elderly; MMSE = Mini-Mental Status Examination; na = not available; RAVLT = Rey Auditory Verbal Learning Test; WAIS-R = Wechsler Adult Intelligence Scale-Revised; WMS-R LM DR= Wechsler Memory Scale-Revised Logical Memory II Delayed Recall.

Two participants (one A−T−, one A+T−) had only one cognitive assessment that was temporally proximal to imaging and therefore were not included in cross-sectional group statistics for the study entry time point.

On average, the study sample was overweight \[i.e. 25 ≤ BMI \< 30; body mass index (BMI) mean ± SD = 28.6 ± 5.8 at study entry, 28.9 ± 6.2 proximal to MK-6240 scan\], in the middle to high normal range for cardiovascular health (total and non-HDL cholesterol) and insulin sensitivity (fasting glucose and insulin), and was not vitamin B12 deficient ([Table 5](#awz378-T5){ref-type="table"}). Weakly significant differences in health characteristics were observed for waist-to-hip ratio (adjusted for sex) at the end of the study period (*P =* 0.05; A+T− less than A−T−) and serum fasting insulin at the beginning of the study period (*P =* 0.02; A−T+ \> both A−T− and A+T−). No other health characteristics (systolic blood pressure, body mass index, waist-to-hip ratio, total cholesterol, non-HDL cholesterol, fasting serum insulin, fasting glucose, highly sensitive c-reactive protein, and vitamin B12) differed significantly between the groups at either the beginning or end of the study period.

###### 

Health characteristics at the beginning and end of the study period

  Health assessment                                **1. A−T− (*n =* 124)** [^a^](#tblfn13){ref-type="table-fn"}   2\. A−T+ (*n =* 5)   **3. A+T− (*n =* 23)** [^a^](#tblfn13){ref-type="table-fn"}   4\. A+T+ (*n =* 15)  Group test (*P*-Value)    Pairwise differences    Total (*n*=167)
  ----------------------------------------------- -------------------------------------------------------------- -------------------- ------------------------------------------------------------- --------------------- ------------------------ ---------------------- --------------------
  **Health assessment at study entry**                                                                                                                                                                                                                                    
  Systolic blood pressure, mmHg                                              125 ± 15                                  131 ± 12                                 120 ± 13                                  130 ± 17        0.22                               \-                 125 ± 15
  Body mass index, kg/m^2^                                                  29.7 ± 6.1                                31.9 ± 3.9                               27.3 ± 5.0                                27.9 ± 4.3       0.40                               \-                28.6 ± 5.8
  Waist:hip ratio, sex covaried (95% CI)                                0.85 (0.84, 0.87)                         0.83 (0.76, 0.90)                         0.82 (0.79, 0.85)                         0.84 (0.80, 0.88)   0.39                               \-                    \-
  Total cholesterol, mg/dl                                                   200 ± 34                                  202 ± 41                                 199 ± 25                                  194 ± 31        0.91                               \-                 200 ± 33
  Non-HDL cholesterol, mg/dl                                                 139 ± 33                                  147 ± 39                                 140 ± 22                                  134 ± 30        0.88                               \-                 139 ± 32
  Insulin, mIU/l                                                            9.1 ± 6.8                                17.8 ± 11.3                            7.7 ± 4.3 (1 na)                              9.8 ± 3.8       0.02                          2 versus 1,3        9.3 ± 6.6 (1 na)
  Fasting glucose, mg/dl                                                   97.8 ± 16.9                                  98 ± 5                                   95 ± 8                                    96 ± 8         0.87                               \-               97.3 ± 15.0
  hs-CRP, mg/l                                                              2.6 ± 3.4                                 3.0 ± 2.2                             3.5 ± 8.8 (1 na)                              1.0 ± 0.8       0.37                               \-                2.6 ± 4.3
  Vitamin B12, ng/ml                                                     691 ± 276 (1 na)                             744 ± 124                                 767 ± 294                             733 ± 275 (1 na)    0.64                               \-             706 ± 274 (2 na)
  **Health assessment proximal to PET imaging**                                                                                                                                                                                                                           
  Systolic blood pressure, mmHg                                          127 ± 15 (1 na)                               122 ± 13                                 127 ± 18                                  132 ± 18        0.58                               \-             127 ± 16 (1 na)
  Body mass index, kg/m^2^                                              29.3 ± 6.4 (2 na)                             31.4 ± 5.4                               27.4 ± 5.9                                27.2 ± 4.3       0.29                               \-            28.9 ± 6.2 (2 na)
  Waist:hip ratio, sex covaried (95% CI)                                0.87 (0.86, 0.89)                         0.88 (0.82, 0.94)                         0.83 (0.80, 0.86)                         0.86 (0.83, 0.90)   0.05                           3 versus 1                \-
  Total cholesterol, mg/dl                                               203 ± 40 (5 na)                               166 ± 30                              200 ± 40 (1 na)                              192 ± 41        0.17                               \-             201 ± 40 (6 na)
  Non-HDL cholesterol, mg/dl                                             141 ± 38 (5 na)                               116 ± 21                              141 ± 36 (1 na)                              129 ± 32        0.32                               \-             139 ± 37 (6 na)
  Insulin, mIU/l                                                         9.7 ± 7.3 (6 na)                             12.8 ± 6.8                            8.0 ± 4.2 (1 na)                              8.9 ± 3.1       0.47                               \-             9.5 ± 6.6 (7 na)
  Fasting glucose, mg/dl                                                99.1 ± 14.2 (5 na)                           99.2 ± 17.7                           94.8 ± 10.9 (1 na)                            95.7 ± 9.3       0.49                               \-            98.2 ± 13.5 (6 na)
  hs-CRP, mg/l                                                          4.0 ± 14.8 (5 na)                             4.3 ± 5.3                             4.1 ± 8.5 (1 na)                              0.8 ± 0.5       0.85                               \-            3.7 ± 13.1 (6 na)
  Vitamin B~12~, ng/ml                                                   599 ± 363 (7 na)                          826 ± 562 (1 na)                         577 ± 236 (1 na)                              603 ± 261       0.61                               \-             602 ± 344 (9 na)

Health features at study entry (*top*) and at the assessment most proximal to PET imaging (*bottom*). Unless noted otherwise, results are reported as mean ± SD with group differences tested by analysis of variance. For group tests with *P* \< 0.05, unadjusted pairwise *post hoc* differences are reported. Waist:hip ratio was tested for group differences by analysis of covariance adjusted for sex with results reported as sex-adjusted mean (95% CI).

HDL = high-density lipoproteins; hs-CRP = high-sensitivity C-reactive protein; na = not available.

Two participants (one A−T−, one A+T−) only had one health assessment that was temporally proximal to imaging and therefore were not included in cross-sectional group statistics for the study entry time point.

PET biomarkers and age
----------------------

Voxelwise analyses examining the association between MK-6240 SUVR, global PiB DVR, and age indicated a significant positive association between MK-6240 and PiB ([Fig. 3](#awz378-F3){ref-type="fig"}A) that spatially spanned regions associated with Braak neurofibrillary tangle stages I--V \[*P \<* 0.05 familywise error (FWE) corrected\]. There were no significant voxelwise associations between MK-6240 and age or significant negative associations between MK-6240 and PiB after accounting for FWE (MK-6240 ∼ age + global PiB DVR + intercept). Sensitivity analysis of the voxelwise model including only persons unimpaired at the time of the MK-6240 scan (*n* = 161) restricted the spatial extent of the significant positive associations between MK-6240 and PiB ([Fig. 3](#awz378-F3){ref-type="fig"}B), which was strongest for this subset in the medial temporal lobe at the level of the uncus, and extended into ventral and lateral temporal areas, the precuneus, posterior cingulate, inferior parietal cortex, and portions of the superior and middle frontal gyri.

![**Associations between MK-6240, age and PiB.** Surface rendered T-statistics of the positive association between MK-6240 and Global PiB DVR covaried for age for: (**A**) the entire study sample, and (**B**) in the subset without mild cognitive impairment at their PET scan. Images are thresholded such that *t*-statistics for voxels below the FWE-adjusted significance threshold are not shown. No negative associations with global PiB DVR or associations with age survived FWE correction (*P*~FWE~*=* 0.05) in the voxelwise analysis. Panel **C** shows the *post hoc* region of interest analyses in composite regions spanning Braak I--VI neurofibrillary tangle stages. The percentage of variance in MK-6240 explained by both global PiB DVR and age ($R_{\text{Age},\text{PiB}}^{2}$) is shown under the composite region name with the partial correlation between MK-6240 and age (![](awz378ilf1.jpg)~Age~, global PiB DVR partialled out) and the partial correlation between MK-6240 and global PiB DVR (![](awz378ilf1.jpg)~PiB~, age partialled out) shown in the *bottom* of the title for each plot. The simple correlation between MK-6240 and age is shown in the *top left* corner of each plot. Region of interest analyses indicated small parametric associations with age, but these associations were mostly explained by global PiB DVR when partial correlations between MK-6240 and age and global PiB DVR were examined. The amount of variance in MK-6240 SUVR explained by PiB and age was highest in regions associated with early Braak neurofibrillary tangle staging, and decreased progressively in regions associated with later Braak stages. (**C**) \**P \<* 0.05, unadjusted for multiple comparisons.](awz378f3){#awz378-F3}

The region of interest-level analysis indicated the proportion of variance in MK-6240 SUVR explained by both global PiB DVR and age was highest in the Braak I region (entorhinal cortex; $R_{\text{Age},\text{PiB}}^{2}$ = 0.46) and decreased stepwise for composite regions representing later Braak neurofibrillary tangle stages ([Fig. 3](#awz378-F3){ref-type="fig"}C; Braak II region $R_{\text{Age},\text{PiB}}^{2}$ = 0.40; Braak III region $R_{\text{Age},\text{PiB}}^{2}$ = 0.39; Braak IV region $R_{\text{Age},\text{PiB}}^{2}$ = 0.38; Braak V region $R_{\text{Age},\text{PiB}}^{2}$ = 0.33; Braak VI region $R_{\text{Age},\text{PiB}}^{2}$ = 0.16). Weak positive associations between MK-6240 SUVR and age were observed in regions associated with Braak neurofibrillary tangle staging (Braak I region *r*~Age~*=* 0.20*;* Braak II region *r*~Age~ = 0.16; Braak III region *r*~Age~ = 0.17; Braak IV region *r*~Age~ = 0.12; Braak V region *r*~Age~ = 0.10; Braak VI region *r*~Age~ = 0.10), but partial associations between MK-6240 SUVR and age (partialling out global PiB DVR) were near zero (Braak I region ![](awz378ilf1.jpg)~age~ = 0.07; Braak II region ![](awz378ilf1.jpg)~age~ = 0.02; Braak III region ![](awz378ilf1.jpg)~age~ = 0.04; Braak IV region ![](awz378ilf1.jpg)~age~ = −0.02; Braak V region ![](awz378ilf1.jpg)~age~ = −0.05; Braak VI region ![](awz378ilf1.jpg)~age~ = 0.00). Moderate to strong partial associations between MK-6240 SUVR and global PiB DVR (Braak I region ![](awz378ilf1.jpg)~PiB~ = 0.66; Braak II region ![](awz378ilf1.jpg)~PiB~ = 0.62; Braak III region ![](awz378ilf1.jpg)~PiB~ = 0.61; Braak IV region ![](awz378ilf1.jpg)~PiB~ = 0.61; Braak V region ![](awz378ilf1.jpg)~PiB~ = 0.57; Braak VI region ![](awz378ilf1.jpg)~PiB~ = 0.39) were observed in neurofibrillary tangle-associated regions that decreased stepwise in regions associated with early to late neurofibrillary tangle stage. Similar results were observed in non-striatal exploratory regions ([Supplementary Fig. 3](#sup1){ref-type="supplementary-material"}). Striatal MK-6240 SUVR values were similar to values observed in the hippocampus of A− participants (mean MK-6240 SUVR: putamen = 0.92 ± 0.15; caudate = 0.76 ± 0.13), and differed between biomarker groups in the putamen (ANOVA, unadjusted *P \<* 0.001; *post hoc* A+T+ \> A−T− and A+T−) but not the caudate (ANOVA, unadjusted *P =* 0.06). In the striatum, the proportion of MK-6240 SUVR variability accounted for by both age and global PiB (caudate $R_{\text{Age},\text{PiB}}^{2}$ = 0.03; putamen $R_{\text{Age},\text{PiB}}^{2}$ = 0.12) and the partial association between PiB and MK-6240 SUVR (caudate ![](awz378ilf1.jpg)~PiB~ = 0.17; putamen ![](awz378ilf1.jpg)~PiB~ = 0.25) were lower compared to neurofibrillary tangle-associated regions. A weak positive partial association was observed between MK-6240 SUVR and age in the putamen (![](awz378ilf1.jpg)~age~ = 0.20), but not the caudate (![](awz378ilf1.jpg)~age~ = −0.02). In the A− group, minimal associations were observed between MK-6240 SUVR and age in all tested regions (R^2^ = 0.00 to 0.07; [Supplementary Table 4](#sup1){ref-type="supplementary-material"}).

Discussion
==========

This study investigated differences in retrospective cognitive trajectories between groups stratified on neurofibrillary tangles in the entorhinal cortex (MK-6240 PET) and cortical amyloid-β plaques (PiB PET) in late middle-aged, relatively healthy, initially cognitively unimpaired adults. The primary analysis indicated a significant group × age effect (i.e. cognitive trajectories differed between biomarker groups over time) such that individuals with evidence of both pathological amyloid-β and entorhinal tau exhibited steeper cognitive decline. This occurred during a period including ∼8 years leading up to PET imaging, beginning late in the fifth decade of life when all participants were cognitively unimpaired. Sensitivity analyses indicated these findings were robust when using the hippocampus and also with lower thresholds for T+ stratification in both the hippocampus and entorhinal cortex. These results suggest the combination of PET measureable amyloid-β plaques and neurofibrillary tangles accumulating in early neurofibrillary tangle stage regions are contributing to abnormal cognitive decline during late middle-age, several years prior to clinical impairment. This supports the construct of preclinical Alzheimer's disease using PET biomarker stratification, and suggests that the period of measureable Alzheimer disease-related cognitive decline may begin earlier than previously proposed ([@awz378-B16]). These results also suggest that individuals with elevated amyloid-β burden (i.e. A+) comprise a group heterogeneous in cognitive trajectories wherein the differences are largely accounted for by neurofibrillary tangles, which has implications for studies investigating associations between amyloid-β and cognition where measures of tau pathophysiology are not available ([@awz378-B37]; [@awz378-B32]).

The current work adds to the growing number of recent *in vivo* neuroimaging studies examining Alzheimer's disease biomarkers in cognitively unimpaired subjects ([@awz378-B39]; [@awz378-B2]; [@awz378-B23]; [@awz378-B26]; [@awz378-B41]). This report is unique from these previous longitudinal studies in that participants are generally younger at their biomarker visits, the period of cognitive assessment is longer and extends into mid-life, and categorical biomarker groupings are used instead of continuous measures of amyloid-β and tau pathophysiology. Additionally, one study ([@awz378-B41]) used a prospective design whereas all other longitudinal studies had cognitive data mostly precedent of neuroimaging. Comparisons of these studies may be precluded by a potential survivor effect in the previous reports due to applying cognitively unimpaired inclusion criteria to older adults, which would omit persons that have already succumbed to Alzheimer disease-induced cognitive impairment earlier in life. Despite study differences, the primary outcomes are mostly consistent across studies in that initially cognitively unimpaired persons with both elevated biomarkers for pathological amyloid-β and tau decline faster than those with just one or no elevated biomarkers. Considering the range in ages represented when comparing the previous studies with the present study may suggest that the joint contribution of amyloid-β plaques and neurofibrillary tangles to accelerated cognitive decline is independent of age. Other studies using flortaucipir with different study designs (demographic difference, older sample, longitudinal and cross-sectional outcomes, and different statistical models) have suggested main effects of tau and amyloid on cognition without observing an interaction, which might suggest primary age-related tauopathy affecting cognition ([@awz378-B39]; [@awz378-B26]). This was not observed in the present study, even when using lower thresholds for stratifying elevated tau, likely because of infrequent observations of individuals with elevated tau and low levels of amyloid, and a lack of power to detect such an effect. In addition, there were no significant MK-6240 age-effects in A− cases suggesting primary age-related tauopathy was not measurable by MK-6240 in this younger sample. Further studies with larger samples of preclinical participants with more diverse representation are needed to assess to what extent these results are generalizable.

A primary goal of the WRAP study is to identify midlife features that contribute to later cognitive decline ([@awz378-B19]). This work demonstrates that while individuals can have considerably different pathological amyloid and tangle burden, these groups were mostly similar in health characteristics at the beginning and end of the study period, and in cognitive features at the beginning of the study period. The absence of group differences does not necessarily mean that these features do not modify rates of cognitive decline. A recent study of a WRAP subsample that overlaps with the present study suggested that hypertension and obesity influence cognition in the presence of amyloid pathophysiology ([@awz378-B9]). Combining the results of the present study with this previous work suggests that while the key drivers of preclinical cognitive decline in Alzheimer's disease are likely amyloid and tau pathophysiology, other modifiable factors such as hypertension and obesity may moderate the effects of pathological amyloid and tau on cognition. Analyses investigating the moderating effects of lifestyle and health factors, including cerebrovascular, and the effects of pathological amyloid-β and tau on cognitive performance will be investigated in future WRAP studies.

The state (e.g. cleavage, phosphorylation, conformation, etc.) of amyloid-β and tau proteins has implications for PET and CSF biomarker affinity, sensitivity and biological inference ([@awz378-B27]), which are relevant to the NIA-AA framework and the Alzheimer disease biomarker cascade model. The biomarker cascade model suggests that detectable pathological amyloid-β precedes detectable pathological tau, and that these processes occur primarily during the preclinical phase of Alzheimer's disease ([@awz378-B16]). In support of the biomarker cascade model, the continuous distributions of amyloid and tau biomarkers suggested that individuals generally required higher levels of amyloid to exhibit higher levels of tau biomarkers. Notably, all A−T+ participants in this study had elevated MK-6240 only in the entorhinal cortex and generally did not show evidence of elevated MK-6240 in the hippocampus or elsewhere in the brain. Albeit cross-sectional, the prevalence of these biomarker-defined groups along with the spatial extent of imaging apparent tangle pathophysiology give further support that PET measureable amyloid-β plaque accumulation generally precedes even early stages (i.e. Braak I--II) of PET detectable tangle formation, although exceptions were present in this study. Group level comparisons also indicated that the group with elevated pathological amyloid-β and tau had a higher amyloid burden compared to individuals with only elevated amyloid-β suggesting that amyloid plaques are continuing to aggregate during the period tau aggregates are accumulating, which is consistent with the biomarker cascade model. Further studies are needed to ascertain whether PET measured tau pathophysiology in the entorhinal cortex is a suitable measure of disease or if other regions should be used for this purpose.

Because of limited sample size of elevated Alzheimer disease biomarker groups, we chose not to categorize neurodegeneration. Instead, group differences in hippocampal volume and global atrophy at the time of PET imaging were investigated to ascertain whether MRI appreciable neurodegeneration may be present in this mostly preclinical sample. Biomarker groups did not differ in global atrophy, but the A−T− group was statistically different from the A+T+ group in hippocampal volume. These findings give some evidence that neurodegeneration happens either concomitantly with or after PET measured pathophysiological amyloid-β and tau, but continued longitudinal observation with more subjects is needed to investigate this more directly in future analyses of preclinical Alzheimer's disease.

A secondary goal of this study was to investigate MK-6240 in the contexts of age and preclinical Alzheimer's disease. In agreement with our previous findings of a smaller sample that included dementia cases ([@awz378-B4]), MK-6240 binding mostly follows the spatial hierarchy described by [@awz378-B6]. In some T+ cases, unilateral patterns were observed, as were some cases where tangle pathophysiology appeared to 'jump' over a Braak stage, but these cases were infrequent. Regional and voxelwise analyses showed that a small age association exists with MK-6240 and age in neurofibrillary tangle-associated regions, but this association is mostly explained by PiB. In addition, there was no association between age and MK-6240 in A− persons. This may indicate that the observed MK-6240 binding is disease dependent, rather than an age-dependent phenomena such as primary age-related tauopathy or off-target binding. Pertaining to off-target binding, MK-6240 showed minimal to no association with age in the basal ganglia, and MK-6240 SUVRs in the basal ganglia were similar to SUVRs of A− subjects in tangle-associated regions and considerably lower than MK-6240 SUVRs in neurofibrillary tangle-associated regions of A+ individuals. In contrast, flortaucipir has been shown to have a partial correlation of 0.45 when partialling out amyloid-β, ([@awz378-B13]) a simple age association of nearly 0.6 ([@awz378-B7]), and basal ganglia SUVR values in the same range or higher than SUVR values observed in amyloid-positive individuals ([@awz378-B17]; [@awz378-B3]). Despite differences in apparent off-target binding, the main conclusions of studies using flortaucipir to investigate associations between tau, amyloid-β, age and cognition are mostly consistent with this MK-6240 study. However, the mechanisms and sites of off-target tau tracer binding, and the potential confounds they introduce for measuring tau pathophysiology should be understood before strong conclusions are made attributing imaging findings to pathological tau. In addition, imaging to post-mortem studies for various tau PET radioligands are needed to understand the detection limits of these tracers and PET imaging in relation to highly sensitive neuropathological methods in the context of preclinical Alzheimer's disease and primary age-related tauopathy.

In this study we chose to use categorical biomarker groups rather than continuous measures of amyloid-β and tau pathophysiology. This was done in part to minimize the influence of negative cases (∼75% of the sample) on model residuals that would occur with continuous analysis, mitigate potential nonlinear effects between amyloid, tau, and cognitive trajectories, and to test the NIA-AA Research Framework in the context of preclinical Alzheimer's disease. Defining cut-offs for biomarker abnormality can be problematic in the absence of imaging to post-mortem correlates wherein the underlying pathology is known. As pathology data are not yet available for MK-6240, we chose to generate a threshold for elevated MK-6240 based on evidence from pathology and other Alzheimer's disease biomarker studies that cognitively unimpaired, amyloid negative persons typically do not have elevated pathological tau ([@awz378-B8]; [@awz378-B22]). We chose to interpret T+ groups as having evidence of elevated tangle pathophysiology, and used the distinction of T+/− for practicality in presentation. Importantly, main model outcomes related to longitudinal cognitive decline were highly consistent when using lower thresholds and the hippocampus to define T+ status. Compared to using continuous measures of AD pathophysiology, categorical biomarker variables allow for similar analyses to be performed with fewer predictors and fewer interactions in linear models, and the results are less prone to being driven by extreme points in the data (e.g. individuals with floridly high amyloid-β or tangle burden). It is notable that even with the methodology applied in this study, the results are highly consistent with other neuroimaging studies ([@awz378-B2]; [@awz378-B23]; [@awz378-B41]), and the frequencies of individuals in pathophysiological amyloid and tau biomarker groups are consistent with CSF studies in similar populations ([@awz378-B22]) and a CSF study with an overlapping sample of participants ([@awz378-B8]). Future work will investigate to what extent these findings are consistent with fluid biomarkers in WRAP in cases that have both imaging and fluid biomarkers available.

Conclusion
==========

This study provides evidence that the combination of pathological amyloid-β and tau is a key driver of accelerated longitudinal cognitive decline occurring during late middle-age in preclinical Alzheimer's disease. Further, the results suggest that Alzheimer's disease-related cognitive decline occurring during late middle-age is not greatly influenced by potential comorbid diseases such as vascular disease. Follow-up studies in larger preclinical samples are needed to determine if amyloid or tau individually can impact longitudinal preclinical cognitive decline. MK-6240 appears to be sensitive to detect neurofibrillary tangles present in preclinical Alzheimer's disease.
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A+/− =

:   elevated or non-elevated global PiB DVR

DVR =

:   distribution volume ratio

PACC-3 =

:   three-test preclinical Alzheimer's cognitive composite

PiB =

:   ^11^C-Pittsburgh compound B

SUVR =

:   standard uptake value ratio

T+/− =

:   elevated or non-elevated entorhinal ^18^F-MK-6240 SUVR

WRAP =

:   Wisconsin Registry for Alzheimer's Prevention
